Heat transfer enhancement in channel flow is investigated in the present study by using corrugated duct in lieu of smooth duct. In this regard, periodic different cavities are applied on the duct walls using the same aspect ratios. The values of the Reynolds numbers are in the range of 10,000 ≤ Re ≤ 20,000. The effects of the alumina-water nanofluid flow on the corrugated ducts are alternatively investigated by using the constant nanoparticle size for further improvement of the thermal characteristics. Computations are performed by means of finite volume approach on three different corrugated shapes. The effects of various parameters on the heat and fluid flow are also studied. The obtained results have revealed that the application of corrugated duct increases the rate of turbulent intensity on the central axis of the duct. In addition, it is found that the rate of heat transfer changes as a result of corrugated shape and Reynolds number. Furthermore, it is demonstrated that the application of the alumina-water flow in such ducts enhances the rate of the heat transfer and thermal performance when compared with the water flow. It is hoped that the obtained results will arouse interest towards thermal design.
Their results indicate that particle volume concentration provides to proliferate heat transfer enhancement even though the minimum power to pump the nanofluid must be increased. Also, heat transfer coefficient and pressure loss are investigated by using artificial roughness ducts with grid ribs [10] and semi attached rib-groove channels [11] . Peng et al [12] stated that the 45° V-shaped continuous ribs among different V-shaped ribs have the best thermal achievement.
Promvonge et al [13] were carried a numerical analyze heat transfer characteristics in a square-duct with inline 60° V-shaped ribs placed on two opposite heated walls. It revealed the maximum thermal performance was around 1.8 for the rib with BR (rib height to duct diameter ratios) = 0.0725 where the heat transfer rate was about four times above the smooth duct at reduced Reynolds number. Choi [14] was the first who used the term nanofluids to refer to the fluids with suspended nanoparticles. Several researches have demonstrated that with low (1-5% by volume) nanoparticle concentrations, the thermal conductivity can be increased by about 20% [15] [16] . Xuan et al [16] experimentally studied and obtained thermal conductivity of copper-water nanofluid up to 7.5% of solid volume fraction. Several researches have studied heat transfer enhancement with nanofluid [17] [18] . Block and fin fitting in channel can be noted as control elements for rising or reducing of natural or forced convection heat transfer. Most of the investments on changing the flow pattern were performed using partitioning rectangular or square blockades [19] [20] . Varol et al [21] studied the effects of fin placement on the bottom wall of a triangular enclosures filled with porous media.
Heidary et al [22] have researched free convection and entropy generation in an inclined square cavity filled with a porous medium. Valinataj-Bahnemiri et al [23] investigated of two-dimensional laminar flow of nanofluids in a sinusoidal wavy channel with uniform temperature grooved walls. Tiwari et al [24] studied the heat transfer effect and fluid flow characteristics of nanofluids CeO2 and Al2O3 flowing in a counter flow. The corrugated plate heat exchanger has been simulated, and the three dimensional temperature graphs and velocity fields have been provided through computational fluid dynamics.
Darzi et al [25] experimentally studied to investigate the effect of nanoparticles on heat transfer and friction factor inside helically grooved tubes. Nanoparticles and helical grooves simultaneously augmented the heat transfers by factor of 3.2 for higher concentration of water-Al2O3 nanofluids. Navaei et al [26] investigated numerical simulations of turbulent forced convection heat transfer in a rib-groove duct exposed to uniform heat flux. Kareem et al [27] have researched spirally grooved tubes experimentally and numerically, they studied to analysis the effects of new spiral corrugation characteristics and showed the influence of the parameter called severity index on the total thermal performance. Ramadhan et al [28] investigated the fluid flow of turbulent heated flow inside a grooved tube and numerical analysis was used to find the heat transfers. Their study concerned fluid of air and grooved geometry for heat transfer enhancement.
To the best of our knowledge a few papers in the literature has so far studied heat transfer in different corrugated wall ducts with nanofluid. Therefore, the present study aims to extend the investigation of the effects of corrugated shape, nanoparticle and Reynolds number on heat transfer and flow behavior. Numerical method is employed for flow in channels having different corrugated shapes such as circular, triangular, and trapezoidal under constant wall temperatures with nanoparticle volume fraction 0.5% and Reynolds number ranging from 10,000 to 20,000.
MATERIAL AND METHOD Problem Description and Numerical Method
In the present study, circular, triangular, and trapezoidal (namely Cr, Tr, and Trp, respectively) corrugated channels are investigated as can be seen in Figure 1 , and it shows two-dimensional channels consist of different corrugated plates with amplitude of (h) and corrugation length of (e).
The width of the channel is very large compared to the height in order to shun from the effects of the side walls. All the cases have constant aspect ratio of h/D=0.2. The uniform temperature of the fluid at the inlet face is taken less than that of corrugated walls. The flow is taken Newtonian, two-dimensional and incompressible. The nanofluid which is modeled as a single-phase flow [29] [30] is a mixture of water and uniform size and shape of solid spherical alumina particles. Nanoparticle size of 25 nm is used for water-alumina flow. The numerical simulations are performed over a range of Reynolds number, Re, 10,000 ≤ Re ≤ 20,000 and nanoparticle volume concentration, φ, is 0.5. Non-conformal grid system is defined for each case. Computational fluid dynamics (CFD) package program FLUENT® was used to calculate the fluid flow and heat transfer in the present study. Standard k-ε method is conducted to analyze the turbulence characteristics, so that finite volume is being used to discretize the governing equations under steady state conditions. The standard k-ε model is widely used in industrial turbulent flow and heat transfer computations mainly due to its robustness, computational economy, and reasonable accuracy for a wide variety of turbulent flows. It is somewhat a semi empirical model, mainly because the modelled transport equation for dissipation used in the model depends on phenomenological considerations and empiricism. It is more expensive to implement than mixing length model or one equation model due to the use of two extra partial differential equations, as compared to zero-and one-equation transport equation, respectively, employed in the former models. In order to resolve the pressure-velocity system, SIMPLE algorithm [31] is used at this method, and also in computational domain, the convergence criteria was determined as 10 -8 for all parameters. Turbulence characteristics would be calculated by using the standard k-ε model. Utilization area of k-ε turbulence model is being criticized by some of the researchers [32] even though it has certainly been considered one of the modern methods for many researchers [33] [34] [35] . It can be considered that results of LES or DNS turbulence models can be evaluated satisfactory, yet computer workstation (i.e. ultrahigh-speed computer) should be needed.
Boundary Conditions and Governing Equations
Temperatures are kept constant at both lower and upper walls of the channels, and no slip condition is applied for the all wall surfaces. At the inlet, the flow has uniform temperature distribution. Fully developed flow is ensured before the test region. On the channel walls 
On the channel axis
Calculations for a range of Reynolds number, 10,000 ≤ Re ≤ 20,000 are performed from
The continuity, momentum and energy equations can be seen below, respectively:
The molecular thermal diffusivity and turbulent thermal diffusivity are defined as t t t and Pr Pr
The last term of the momentum equation is called the Reynolds stresses. Boussinesq hypothesis can be used to model the Reynolds stresses in order to relate the Reynolds stresses to the mean velocity gradients. This relation is presented as
The turbulent or eddy viscosity with reference to applied turbulence model is
The turbulent kinetic energy and the rate of turbulent kinetic energy dissipation are explained, respectively, as [33] : (11) in which the rate of turbulent kinetic energy generation is [32] 
The closure coefficients are given by 0 .
The density, heat capacity, thermal conductivity and viscosity values of nanofluid obtained from Sahin [36] . Details of properties of nanofluid are given in Table 1 . 
Also, the value of the local Nusselt number is computed using the following correlation 
The thermal performance, η is calculated from
η, the thermal performance relates the heat transfer enhancement (Nu/Nus, ratio of Nusselt number in the corrugated channel in comparison to that in the smooth channel) and pressure drop increase (f/fs), ratio of friction factor in the corrugated channel in comparison to that in the smooth channel), where in the dimensionless quantity of a rough surface is referred to that of a smooth surface. In the interest of heat transfer enhancement, the thermal performance must be greater than 1.
Validation of Numerical Study
To validate the numerical predictions, the thermal-hydraulic characteristics are computed for plain duct using different Reynolds numbers and are compared with well-known correlation. Pethukov [37] correlation defined as Eq. (20) and Blasius correlation defined as Eq. (21) are used for friction comparison through pure water flow in smooth channel. The Nusselt number obtained from the smooth duct were compared with DittusBoelter and Pethukov correlations defined as Eq. (22), Eq. (23) respectively. In addition to this validation, the present numerical results are compared with the obtained from Sahin's experimental study for nanofluid (5%) flow. In order to study the grid size (mesh) independence of the results, two different grid sizes are scrutinized for triangular (Tr), trapezoidal (Trp) and circular (Cr) corrugated channels. The first grid system (present grid system) has the minimum element size of λ/H=0.0005 and the finer grid system has the minimum element size of λ/H=0.0004 near the corrugated duct walls. In this regard, Figure 4 shows the grid size independence results for water flow in all three-corrugated duct. As can be seen, the values of the friction factor and mean Nusselt number are not altered using the finer element size.
RESULTS AND DISCUSSION Geometry Effects
In order to see the effects of corrugated shape on the thermal-hydraulic characteristics, water flow in four geometries are studied and obtained results are compared with that of smooth duct. Figure 5 reveals the friction factor variations for different Reynolds numbers. The first row of Figure 5 shows the effects of corrugated shape on the variation of the average Nusselt with Reynolds number. Since the flow mixing increases with using plate corrugations, the rate of heat transfer and the thermal efficiency for all cases are higher than those of the smooth duct. The Nusselt number increases with Reynolds number as expected. The enhancement on the heat transfer is proportional to the corrugation channel and the Reynolds number as shown in second row of Figure 5 . In generally, as fluid flow through the corrugated surface, the fluid recirculation flows are generated in the corrugation troughs. The onset and growth of recirculation zones promote the mixing of fluid in the boundary layer and as a result, the heat transfer enhancement is observed. Therefore, ratio of Nu in the corrugated channel to that in the straight channel (Nu/Nus) is adopted in order to reveal the heat transfer enhancement as to compare the performance between corrugated channels and straight channel. From the second row of Figure 5 , it can be inferred that the effect of corrugations on heat transfer rate is more efficient at a lower Reynolds number. This situation can be related to the thickness of the thermal boundary layer because the thermal boundary layer becomes thicker at the lower Reynolds number and so, the outcome of the disruption of the thermal boundary layer becomes more appreciable. For studied aspect ratio (h/D=0.2), the highest values of Nusselt number obtained by triangular, trapezoidal and circular corrugated duct, respectively. The triangular shape indicates the highest value for enhancing Nusselt number as it has the most significant role in the pulling up and down of the thermal boundary layer periodically. That is, the fluid filling the groove surface will be pulsed through the sweeping along the test section. Figure 6 reveals the friction factor variations for different Reynolds numbers and volume fraction of the nanoparticle is 5%. Figure 6 . Variation of friction factor, f with the Reynolds number, Re for all comparison with smooth channel data Development of the turbulent flow in the corrugated channels influences the friction factor, f as a main hydraulic characteristic of the flow. The friction factor, f in comparison to that of the straight channel surface is clearly presented in Figure 6 . It is obvious that the friction factor decreases gradually for all configurations as a result of the increase of Reynolds number, Re. From the mean values of the friction factor, the lower one is hit by the trapezoidal duct for full range of Reynolds numbers while the next steps are taken by circular and triangular. Logical explanation of this result would be that active flow recirculation region is being occurred at sharp edges of the trapezoidal region due to far distance among these edges even though total area of trapezoidal area is higher than triangular area, and finally it causes the possibility of showing low resistance to the flow compared to the others. Enlarging the area of this recirculation, especially for rectangular groove, it causes to drag the fully developed fluid flow, and therefore these vortices induce to increase in the friction coefficient as well as the required pumping pressure.
Nanofluid Effects
Heat transfer and flow behavior of nanofluid flow in channel with rectangular corrugations for corrugated shape and Reynolds numbers are illustrated and obtained results are compared with those of water flow.
The variation of the Nusselt number for corrugated channel with the Reynolds numbers is presented in Figure 7 . By using either nanofluid or pure water, the Nusselt number increases with the increase of the Reynolds number. It can be deduced that addition of nanoparticles into pure water augments heat transfer in cases where the particle volume concentrations are found to be lower than 1 vol. % such as 0.5% [36] . Nevertheless, the Nusselt number for nanofluid is higher than that of pure water within the range of 10% to 15%. The highest enhancements in Nusselt number are found at Reynolds number of 10,000 at triangular corrugated channel with the enhancement of 15% compared the water. As the use of nanofluids in corrugated channels raises both Nusselt number and friction factor, thermal performance, η (which depends upon friction factor, f and Nusselt number), of flow should be calculated in order to find the optimum case. Figure 8 indicates the thermal performance variation with Reynolds number for different corrugated channels.
It is seen that thermal performance decreases slightly with Reynolds number. Among all cases, thermal performance of triangular corrugated has highest value. Because of friction factor, the trend of the thermal performance is not similar to one another. Simple physics suggests that enhancing the rate of heat transfer slightly is possible. Nevertheless, other problems such as segregations arise while adding nanoparticles, and agglomeration should be taken into consideration in the practical application. However, the addition of nanoparticles into light fluids (compared with the density of fluid) reduces buoyancy force and decreases the natural convection rate of heat transfer [38] . 
CONCLUSION
In the present study, heat transfer enhancement and flow characteristics of alumina-water nanofluid through corrugated channel with different geometric shapes are numerically investigated for a Reynolds number range of 10,000-20,000 and nanoparticle volume fraction is taken as 0.5%. The finite volume method is used in order to solve the governing equations numerically. Three main goals are illustrated in this study which they are the effects of nanoparticle, corrugated shape and Reynolds number on flow behavior, and heat transfer rate. Turbulence flow is created as a result of the corrugations because it provides to increase flow mixing and heat transfer enhancement. The turbulence intensity rate increases with Reynolds number. However, it is observed that heat transfer between the walls and the fluid can considerably increase with addition of nanoparticles to the water. On the other hand, using alumina-water nanofluid flow gives rise to additional enhancements on the rate of heat transfer. The results of the present study reveal that using nanofluids instead of conventional fluids would lead to further improvement in thermal performance of heat exchangers for appropriate Reynolds number regime. Moreover, the addition of such particles has the possibility of increasing the effective viscosity of a flow, which affects the forced convection and pressure drop adversely. Besides, the erosion may be enhanced because of impingement of those particles on the surfaces. Additionally, the use of already established correlation for the rate of heat transfer can be extended to the nanofluid without further investigation into the impact of nanofluids on the convective heat transfer [33] . 
NOMENCLATURE

